A wideband on-body antenna for a wireless body area network for an Industrial, Scientific, and Medical band is proposed. A wideband characteristic is achieved by combining two zeroth-order resonance (ZOR) modes at adjacent frequencies by controlling the value of the shunt capacitance. The size of the proposed antenna is 0.072λ 0 × 0.33λ 0 , and the measured 10-dB return loss bandwidth is 340 MHz (14.3%). In addition, the resonance frequencies operating in the ZOR mode are insensitive to the effects of the human body by virtue of the ZOR characteristic.
Introduction
In recent years, there has been an increasing interest in WBAN systems for various applications such as for biomedical, military, and commercial services [1] - [9] . The WBAN systems satisfy the rigorous requirements for antennas, such as small size, wide bandwidth, low specific absorption rate (SAR), and stable performance, when the antenna is applied to various parts of the human body [1] . To monitor the patient's health status, communication between the biomedical device and the human body needs to be done in real time. A WBAN system can offer the mobility to patients by providing portable wireless monitoring devices. To enhance the communication channel capacity, a MIMO antenna for a WBAN system was proposed in [5] . However, the antenna performance was greatly affected by body tissues due to the electrical properties of the human body and the body shape. In order to overcome these body effects and to achieve a small antenna size, the zeroth-order resonance (ZOR) antenna was proposed in [6] . Wearable and flexible antennas, which can be adjusted to conform to the curvature of the human body, have been investigated in [7] - [9] .
In this paper, a wideband ZOR on-body antenna for the Industrial, Scientific, and Medical (ISM) band (2.4-2.483 GHz) is proposed. The wideband performance is achieved by utilizing two slightly different ZOR frequencies, which can be controlled independently. Moreover, the antenna performance is insensitive to the human body effect and the separation distance between the phantom and the antenna. Manuscript 
Antenna Design and Performance

Basic Metamaterial Theory
Electromagnetic metamaterials are broadly defined as artificial effectively homogeneous electromagnetic structures with unusual properties not readily available in nature [10] . The special properties of metamaterials allow researchers to develop novel applications or devices. The physical realization of these materials can be based on a general transmission line (TL) approach, known as composite right/lefthanded transmission line (CRLH TL). The effectively homogenous CRLH TL can be realized by LC periodic networks, as shown in Fig. 1 . To construct the effectively homogeneous structure, the size of the unit cell should be much smaller than the wavelength (λ 0 ) [10] . The primary difference between the conventional TL and CRLH TL is that the CRLH TL supports the left handed (LH) region which has negative constitutive parameters. Figure 1(a) shows the unit cell of the CRLH TL. The conventional TL has only an RH region modeled by a series inductance (L R ) and a shunt capacitance (C R ). However, the CRLH TL realizes the LH region by adding a shunt inductance (L L ) and series capacitance (C L ) in host TL. As a consequence, the CRLH TL possesses unique resonances called the ZOR and the negative resonance. 
where Y is the admittance of the CRLH unit cell, defined by
The resonance has a single frequency at the resonance of admittance Y. Therefore, the ZOR frequency is given as
where ω 0 is the ZOR frequency [10] .
The number of resonances depends on the number of unit cells. In general, when the antenna has N unit cells, the number of negative resonances is (N−1). The proposed antenna generates two mode resonances, namely, the ZOR and the first negative resonance, because each element of the proposed antenna has two unit cells.
The resonance frequency of the ZOR is independent of its physical length due to the zero propagation constant and the infinite wavelength characteristics [10] . As a result, the antenna size can be reduced without affecting the resonance frequency. However, this process suffers from narrow bandwidth [7] - [9] .
Antenna Structure and Performance
The configuration of the proposed antenna is shown in Fig. 2 . Taconic TLY with a relative permittivity ε r of 2.2 and a thickness of 3 mm is used as a substrate. The overall dimensions of the substrate are 33 mm × 42.1 mm (0.072λ 0 × 0.088λ 0 ). The proposed antenna is composed of two radiating elements separated by a feeding structure located at the center, which has dimensions of 10.3 mm × 4.9 mm (0.082λ 0 × 0.039λ 0 ). The feeding structure is connected from the bottom ground to the feeding patch using a coaxial cable. Each element has two unit cells with dimensions of 9 mm × 11 mm (0.072λ 0 × 0.088λ 0 ). To obtain the ZOR characteristics, the shunt inductance (L L ) is materialized using a via-hole with a spiral structure to enhance the inductance value, as shown in Fig. 2(c) . The capacitance between the top patch and the bottom ground acts as a shunt capacitance (C R ).
In order to analyze the antenna performance in a human body, simulations are conducted using a human phantom with electrical properties equivalent to human tissue. The physical properties of the human tissue depend on the frequency, as summarized in Table 1 . The value of the relative dielectric constant (ε r ) of the human tissue decreases as the frequency increases; however, the conductivity (σ) is proportional to the frequency. Figure 3 shows the simulation settings for both the proposed antenna and the human equivalent flat phantom. From Table 1 , we apply the physical properties, which are valid at 2450 MHz, to the flat phantom. The dimensions of the human equivalent flat phantom are 200 mm × 270 mm × 130 mm. The separation distance between the antenna and the phantom is 5 mm, which accounts for the thickness of the clothes.
The antenna performance is analyzed both in free space and on the human body phantom. The simulation of the proposed antenna is carried out using the HFSS Ver. 14 from ANSYS, Inc. The proposed antenna has two different resonant frequencies due to two slightly different lengths of the U-slots in the bottom ground, as shown in Fig. 2(b) . Figure 4 (a) shows the simulated return loss properties for various U-slot (L 1 ) lengths. By changing L 1 , the ZOR frequency can be adjusted for a fixed value of L 2 . The resonant frequency of each element can be controlled independently. By adjusting length L 1 to the optimized value of 16.2 mm, the two resonance frequencies of the ZOR structure merge; thus, the proposed antenna achieves a wideband characteristic. Figure 4(b) shows the simulated return loss characteristics of the proposed antenna. In the free-space environment, two ZOR modes appear at 2.35 and 2.45 GHz. When the proposed antenna is placed on the human equivalent flat phantom, it is observed that the resonant frequencies do not change significantly. The simulated 10-dB return loss bandwidth is 240 MHz from 2.3 to 2.54 GHz, which is wide enough to cover the ISM band (2.4-2.483 GHz). Figure 5 shows the electric field distribution at each resonance frequency. At ZOR1 mode (2.35 GHz), the left element acts as a ZOR element such that electric fields generated by this element have similar phase. On the other hand, the phases of right element are diversified. The role of ZOR element in reversed when the antenna is operated at 2.45 GHz (ZOR2 mode). The left and right elements operate as a ZOR at their respective resonance frequencies which are very close to those in free space. Figure 6 shows the simulated return loss properties for various distances between the antenna and the phantom. Even though the value of h changes, both ZOR modes occur at frequencies very close to each other. Furthermore, the wideband 10-dB return loss bandwidth property is maintained when the separation distance is smaller than 9 mm. When h is larger than 9 mm, the return loss characteristic becomes similar to that of the free space.
Measured Results and Discussion
The fabricated antenna and the measurement setup with a human equivalent flat phantom are shown in Fig. 7 . The human equivalent flat phantom can be manufactured using distilled water blended with polyethylene powder, TX-151, and agar [12] . The measured relative dielectric constant and conductivity of the phantom using an Agilent 85070E dielectric probe kit and 8719Es network analyzer are shown in Fig. 8 . The electrical properties of the manufactured human equivalent flat phantom satisfy the margin suggested in the regulations of the FCC standard in [11] . Figure 9 shows the simulated and measured return loss characteristics of the proposed antenna. The experimental results agree well with the simulated results. A comparison of the performance of the proposed antenna positioned in free space and on the phantom shows that a slight change in the ZOR frequencies occurs. Because the size of the unit cell is very small (much less than 0.25λ 0 ), all elements can be considered as lumped components (or quasi-lumped com- ponents). Although the input impedance seen from the feeding structure is changed by the effect of the human model, the values of C R and L L that determine the ZOR frequency have less effect on the electrical properties of the surrounding structure. This feature is an advantage of the proposed antenna for WBAN systems. Figure 10 shows the simulated and measured radiation patterns of the proposed antenna. In free space, the proposed antenna has near omni-directional patterns at the two ZOR frequencies. However, the proposed antenna positioned on the human equivalent flat phantom shows an upward directional radiation pattern, as shown in Figs. 10(c) and (d), because of the dielectric loss in the human model that has a high dielectric constant. The peak gains of the simulation and measurement are 1.50 and 0.79 dBi, respectively, in free space. The proposed antenna placed on the human equivalent flat phantom has a peak gain of −0.29 dBi (simulation) and −2.08 dBi (measurement). The measured efficiencies of the proposed antenna are 43% to 47.7% in free space and 10.7% to 19.3% on the phantom, respectively, over the frequency band of interest, as shown in Fig. 11 .
The SAR is an essential factor in evaluating the effects on the human body when the antenna is operated. The U.S. FCC requires that the SAR should be below 1.6 W/kg over a volume of 1 g of tissue for an on-body application, as shown in Table 2 . The SAR value of the proposed antenna is measured using the ESSAY system at the radio Research Agency of Korea, as shown in Fig. 12(a) [13] . To measure the SAR characteristic, the proposed antenna is positioned at 5 mm (h) below the surface of the liquid flat phantom. The dimensions of the liquid flat phantom are 180 mm × 120 mm × 150 mm, and ε r and σ are 54.56 and 1.87 S/m, respectively. Figure 12(b) shows the measured SAR distributions when an input power of 100 mW is applied. The measured SAR exhibits a peak value of 1.583 W/kg near the center of the proposed antenna, which is smaller than the FCC partial body limitation value of 1.6 W/kg, listed in Table 2. From the SAR value, we conclude that the proposed antenna can be applied in the Bluetooth low-energy and ZigBee services, which operate below 100 mW, for near-body communication [1] . 
Conclusion
We have proposed a wideband ZOR antenna for WBAN systems. The bandwidth of the proposed antenna is wide enough to satisfy the ISM band. It can also be applied to Bluetooth or ZigBee services, which have the same frequency band as on-body area communication [1] . The size of the antenna is very small (0.072λ 0 × 0.33λ 0 ) by virtue of the ZOR mode. We find that the resonance frequencies are not sensitive to the human body effect, and the antenna has a wide bandwidth. The wideband characteristic and the insensitivity of the resonance frequencies are the major advantages that make the proposed antenna a good candidate for WBAN systems. Table 2 Limits for population exposure/Uncontrolled (W/kg) [11] .
